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ABSTRACT
Context. The stars in the Milky Way thin and thick disks can be distinguished by several properties such as metallicity and kine-
matics. It is not clear whether the two populations also differ in the properties of planets orbiting the stars. In order to study this, a
careful analysis of both the chemical composition and mass detection limits is required for a sufficiently large sample. Currently, this
information is still limited only to large radial-velocity (RV) programs. Based on the recently published archival database of the High
Accuracy Radial velocity Planet Searcher (HARPS) spectrograph, we present a first analysis of low-mass (small) planet occurrence
rates in a sample of thin- and thick-disk stars.
Aims. We aim to assess the effects of stellar properties on planet occurrence rates and to obtain first estimates of planet occurrence
rates in the thin and thick disks of the Galaxy. As a baseline for comparison, we also aim to provide an updated value for the small
close-in planet occurrence rate and compare it to results of previous RV and transit (Kepler) works.
Methods. We used archival HARPS RV datasets to calculate detection limits of a sample of stars that were previously analysed for
their elemental abundances. For stars with known planets we first subtracted the Keplerian orbit. We then used this information to
calculate planet occurrence rates according to a simplified Bayesian model in different regimes of stellar and planet properties.
Results. Our results suggest that metal-poor stars and more massive stars host fewer low-mass close-in planets. We find the occurrence
rates of these planets in the thin and thick disks to be comparable. In the iron-poor regimes, we find these occurrence rates to be
significantly larger at the high-α region (thick-disk stars) as compared with the low-α region (thin-disk stars). In general, we find the
average number of close-in small planets (2–100 days, 1–20 M⊕) per star (FGK-dwarfs) to be: n¯p = 0.36 ± 0.05, while the fraction of
stars with planets is Fh = 0.23+0.04−0.03. Qualitatively, our results agree well with previous estimates based on RV and Kepler surveys.
Conclusions. This work provides a first estimate of the close-in small planet occurrence rates in the solar neighbourhood of the thin
and thick disks of the Galaxy. It is unclear whether there are other stellar properties related to the Galactic context that affect small-
planet occurrence rates, or if it is only the combined effects of stellar metal content and mass. A future larger sample of stars and
planets is needed to address those questions.
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1. Introduction
The study of the population of small exoplanets and its statisti-
cal relation with the population of their host stars is substantive
in order to understand planet formation and evolution. Results
from radial-velocity (RV) spectrographs such as the High Reso-
lution Echelle Spectrometer (HIRES; Vogt et al. 1994) and the
High Accuracy Radial Velocity Planet Searcher (HARPS; Pepe
et al. 2003; Mayor et al. 2003), with a precision on the order of
1 m s−1, as well as results from the Kepler mission, confirmed
the existence of hundreds of small planets and multi-planet sys-
tems. Unlike giant planets around FGK-dwarfs that are believed
to form preferentially around metal-rich stars (e.g., Santos et al.
? Based on observations collected at the European Organization for
Astronomical Research in the Southern Hemisphere under ESO pro-
grams (see acknowledgements for a full list of used programs).
2004; Fischer & Valenti 2005; Johnson et al. 2010), first esti-
mates suggest that small planets can be found orbiting stars with
a wide range of metallicities (Sousa et al. 2008; Buchhave et
al. 2012). Subsequent works analysing small-planet occurrence
rate (henceforth SPOR) tried to estimate the fraction of Sun-like
stars that harbour Earth-like planets (e.g., Youdin 2011; Burke
et al. 2015; Hsu et al. 2019; Zhu 2019), investigated the effects
of [Fe/H] on small planets (e.g., Petigura et al. 2018; Zhu 2019;
Bashi & Zucker 2019), and revealed a radius gap between super-
Earth and sub-Neptune planets (Fulton et al. 2017). Both RV and
transit surveys have shown that close-in compact multi-planet
systems are usually composed of planets smaller than Neptune
and that Jovian planets (especially the hot Jupiters) are uncom-
mon (Winn 2018).
In the Galactic context, it is not clear how the stellar birth-
place affects the likelihood of forming and maintaining planets.
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The stars in the solar neighbourhood are commonly grouped into
three main populations: the thin and thick disks, and the halo
(Gilmore & Reid 1983). Considering disk stars, the properties
of the local thick-disk population have been characterised by
many previous spectroscopic studies. Thick-disk stars are com-
monly assumed to be older, kinematically hotter, and more iron-
poor and α-enhanced than the thin-disk stars (e.g., Gilmore et al.
1989; Reddy et al. 2006; Adibekyan et al. 2012a; Bensby et al.
2014; Buder et al. 2018; Bashi & Zucker 2019). In an attempt
to relate planetary structure and composition to stellar elemental
abundances, Santos et al. (2017) showed that disks around stars
affiliated to different Galactic populations can form rocky and
water planets with significantly different iron-to-silicate mass
fractions. Consequently, these latter authors argued that their re-
sults may have a significant impact on our understanding of the
occurrence rate of planets in the Galaxy.
Several works (Haywood 2009; Gonzalez 2009; Adibekyan
et al. 2012b) suggested that while planets can be found in iron-
poor regimes, their occurrence is linked to the presence of other
metals (especially α elements). However, these studies did not
take into account mass detection limits in their estimates of
planet occurrence rate.
The recent information from Gaia DR2 (Gaia Collaboration
2018), combined with ground-based spectroscopic surveys, has
already improved our understanding of the differences among
the solar neighbourhood stellar populations in the Galactic con-
text (e.g., Hayes et al. 2018; Buder et al. 2018). Unfortunately,
planet search RV programs are still very limited to the so-
lar neighbourhood; see for example the HARPS GTO samples
(Mayor et al. 2003; Lo Curto et al. 2010; Santos et al. 2011),
which we use in this work. With the combined available elemen-
tal abundance estimates of many stars in the solar neighbour-
hood (Sousa et al. 2008; Adibekyan et al. 2012a; Delgado Mena
et al. 2017) and the recent public release of a large fraction of
the HARPS RVs by Trifonov et al. (2020), we are now able to
make updated estimates of planet occurrence in a well-defined
and large RV sample. As the HARPS GTO stars were selected
from a volume-limited stellar sample observed by CORALIE
(typical precision 5–10 m s−1; Udry et al. 2000), our analysis is
particularly valid for the estimation of SPOR for Mp sin i lower
than 30 M⊕, that is, below the CORALIE detection limit (Sousa
et al. 2008).
In this work, we aim to examine the SPOR in the Galac-
tic context, and specifically its affiliation with the thin and thick
disks. We restricted our analysis to disk stars and ignored the
rare population of halo stars in the solar neighbourhood.
The following section describes the way we compiled our
samples of stars and planets. Section 3 presents the method we
used to calculate planet occurrence rates. We present our results
in Section 4 and discuss our findings in Section 5.
2. The samples
2.1. Stellar sample
Our starting point was a sample of 1111 FGK stars observed in
the context of the HARPS GTO programs (Mayor et al. 2003;
Lo Curto et al. 2010; Santos et al. 2011). Previous works used
high signal-to-noise-ratio HARPS spectra of those stars to es-
timate chemical abundances of 25 elements (Sousa et al. 2008;
Adibekyan et al. 2012a; Delgado Mena et al. 2017), including
Fe and some α elements such as Mg, Si and Ti as well as the
stellar masses. As we focused on FGK dwarfs, we excluded stars
with log g smaller than 4.0. We then cross-matched this sample
−1.0 −0.5 0.0 0.5
[Fe/H]
0.0
0.1
0.2
0.3
[α
/F
e]
0.2
0.4
0.6
0.8
1.0
P
G
al
Fig. 1. Scatter plot of the stellar sample on the [α/Fe]-[Fe/H] plane.
The colour coding represents the probability PGal of affiliation to each
Galactic cluster according to the Gaussian Mixture Model where red
(= 1) represents thin disk and blue (= 0) thick disk.
with the recently published HARPS RV dataset (Trifonov et al.
2020)1, which provided RV estimates and other data products
for all available HARPS targets. For our mass detection-limit
calculations we chose to keep only stars with more than 12 ob-
servations2. Thus, our final sample includes 693 stars.
Figure 1 shows our stellar sample on the [Fe/H]-[α/Fe]
plane. Following Blancato et al. (2019), we used a Gaussian
Mixture Model (GMM) and fixed the number of clusters to two
in order to distinguish between the thin- and thick-disk stars.
The figure presents the results of the GMM analysis by colour
coding the probability PGal that a point belongs to one of the
two clusters. Cutting at a probability of 0.5, the cluster marked
with red corresponds to the thin disk, while the blue cluster to
the thick disk. This procedure reveals that 573 stars in our sam-
ple are affiliated with the thin disk, and 120 stars with the thick
disk. The shapes of the two clusters we find broadly agree with
the results of previous works on stellar populations (Reddy et
al. 2006; Adibekyan et al. 2012b; Bensby et al. 2014; Blancato
et al. 2019). We note that in our GMM analysis, we assumed a
two-population model, of thin- and thick-disk stars. It is still not
clear whether the hαmr population (Adibekyan et al. 2011) is a
separate one or is simply the metal-rich tail of the thick disk. As
the technique we used to separate the populations is not the same
as in the work of Adibekyan et al. (2012b), the stellar Galactic
context affiliation we find is not completely identical to that of
these later authors, although it is based on a subgroup of stars
listed in that work.
2.2. Planet sample
In order to build our planet sample, we reanalysed the avail-
able HARPS data in a consistent way that would account for the
mass detection limits. As most of the publicly available HARPS
RVs have already been carefully scrutinised for planetary sig-
1 https://www2.mpia-hd.mpg.de/homes/trifonov/HARPS_RVBank.html
2 A somewhat arbitrary number of observations, nevertheless enough
for possible detection of close-in planets.
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nals, our aim is not to perform a manual search and confirma-
tion of new planetary signals. Instead, we decided to rely on
publicly available exoplanet catalogues. Following Bashi et al.
(2018), the main exoplanet catalogue we used was the NASA
Exoplanet Data Archive (Akeson et al. 2013). We also included
planets listed in the Extrasolar Planets Encyclopaedia (Schnei-
der et al. 2011) and the sample of Mayor et al. (2011). For each
planet-host star we used the corresponding published planetary
orbits as starting points for our analysis. We first repeated the Ke-
plerian orbit fitting, because the HARPS-RVBANK data some-
what differ from the original velocities that were used for the
published solution.
As correction of RV signals originating from stellar activity,
rotation, or sampling is often a subjective process that might be
prone to errors, we decided not to correct for those effects and
not to apply such manipulations to the RV dataset (Faria et al.
2016). Consequently, similarly to Faria et al. (2016), our follow-
ing detection-limit estimates can be considered conservative.
We define the mass detection limit for a given star as the up-
per limit on the mass (Mp sin i) that could not have been detected
at a given period given the RV uncertainties and the epochs. We
computed the detection limits using the Local Power Analysis
(LPA) method (Meunier et al. 2012), assuming circular orbits3,
on a grid of 150 logarithmically-spaced orbital periods in the
range 2–3000 days. The LPA method compares the maximum
power Pinj of the RV signal induced by injecting a mock plane-
tary signal of a given mass and period (with the same temporal
sampling as the actual data) to the maximum power Pact of the
actual RV signal within a local period range of the periodogram.
In our case, we applied the LPA method with a similar set of
parameters as suggested in Borgniet et al. (2017). The injected
planetary signal was deemed to be above the detection limit if,
for 12 consecutive different phase realisations, Pinj was always
above Pact. For each trial orbital period, we used a binary search
on a grid of Mp sin i where the upper limit was 13 MJ, and the
finest grid step was 0.3 M⊕.
We performed this procedure for each star in our stellar sam-
ple to derive a planet detection probability: pS (an example is
presented in Fig. A.1). We defined the planet detection probabil-
ity of a star as the ratio between the area above its mass detection
limit curve and the total area of a rectangle of logarithmic plane-
tary period and Mp sin i. We note that in doing so, we implicitly
assumed that the prior probability distributions of the period and
Mp sin i are log-uniform..
When a target was found to have a companion, based on
our cross-match with the exoplanet catalogues, we first sub-
tracted the RV planetary signal (by fitting a Keplerian orbit)
and only afterwards calculated the detection limits. Our final
planet sample included only planets that were found to be above
the mass detection limit. Overall, we found almost all pub-
licly available confirmed planets to be above the detection limit
curve. The only exceptions were: (i) planets found only after
applying intense and dedicated statistical treatment to the data,
such as for example binning, moving average, or Gaussian pro-
cess analysis, to overcome stellar activity and correlated noise:
HD 10700 g, h (Feng et al. 2017b), HD 40307 c (Tuomi et al.
2013), HD 177565 b (Feng et al. 2017a), HD 215152 b, c (Delisle
et al. 2018); (ii) HD 125612 c (Ment et al. 2018) which was de-
tected with data obtained mainly with other instruments, that
is, not HARPS; and (iii) transiting planets detected recently by
3 As previous RV works have suggested, the detectability is only
slightly affected by this assumption for eccentricities below 0.5 (Endl
et al. 2002; Mayor et al. 2011).
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Fig. 2. Planet sample on the period–mass plane, with thin- and thick-
disk affiliation colour-coded in the same way as in Fig. 1. The circle
sizes represent the masses of the host stars. Planets in the same system
are connected by dotted lines. The dashed lines represent the RV de-
tection threshold for circular planetary signals corresponding to semi-
amplitudes of 1, 3, and 5 m s−1 (from bottom to top), for a 1 M star.
TESS (Ricker et al. 2015) that could not be detected with the
available archival HARPS data sets: GJ 143 c (Dragomir et al.
2019), HD 15337 b, c (Gandolfi et al. 2019), and HD 23472 b, c
(Trifonov et al., 2019).
In total, we identified 55 close-in (P < 100 days) small plan-
ets (Mp sin i < 30 M⊕) orbiting 34 stars (Table. 1, Fig. 2) that
were found to be above the detection limit. As suggested, all
planets used in this work are based on published works.
3. Occurrence-rate estimates
As was recently pointed out by Zhu (2019), there is a distinction
between two notions of planet occurrence rate: (i) the average
number of planets per star, n¯p , and (ii) the fraction of stars with
planets, Fh. The ratio between these two numbers gives the av-
erage multiplicity: the average number of planets per planetary
system (not per star). Studying both occurrence rate and multi-
plicity may help to disentangle the effects of planet formation
and dynamical evolution. Occurrence-rate studies based on Ke-
pler (Petigura et al. 2018; Hsu et al. 2018) usually address n¯p, by
counting the number of detected planets and dividing it by the
number of stars in the survey around which such planets could
have been detected. Most of the Doppler surveys on the other
hand tend to consider the second notion of occurrence rate, by
counting the number of planet-host stars and dividing it, again,
by the number of stars in the survey around which the planets
could have been detected. However, there have also been a few
attempts to apply the Fh approach to the Kepler survey; see for
example Zhu (2019).
In any case, before estimating the occurrence rate, it is im-
perative to first correct the samples for incompleteness. To do
so, we used a simplified Bayesian model (SBM), as suggested
by Hsu et al. (2018). The details of the model we used are pre-
sented in Appendix A and Appendix B where we describe the
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method used to estimate n¯p and Fh respectively. Henceforth, the
values we report for planet occurrence rates are the median and
the 16%-84% (1σ) confidence interval.
4. Results
We analysed the SPOR in the period–mass (Mp sin i) range of
2–100 days and 1–20 M⊕, that is, super-Earths and sub-Neptune
planets. We found the fraction of stars with small planets to be:
Fh = 0.23+0.04−0.03, and the average number of planets per star to be:
n¯p = 0.36 ± 0.05. Our results agree with the results of previous
RV works (Howard et al. 2010; Mayor et al. 2011) that estimated
the fraction of stars with planets. This can be seen in Table 2,
where we compare our results with those of these latter authors
in the same range of parameter space. Furthermore, our results
also agree with previous Kepler-based works that estimated the
average number of planets per star (Fulton et al. 2017; Hsu et al.
2019, see Table 3). In the following sections, we investigate the
effects of stellar properties on the planet occurrence rates, and
present estimates of planet occurrence rates in the thin and thick
disks.
Table 2. Comparison of the fraction of stars with planets (Fh) for peri-
ods shorter than 50 days from various works.
3-10 M⊕ 10-30 M⊕
Howard et al. (2010) 0.12 ± 0.04 0.07 ± 0.03
Mayor et al. (2011) 0.17 ± 0.04 0.11 ± 0.02
This Worka 0.13 ± 0.02 0.10 ± 0.02
This Workb 0.11 ± 0.03 0.08 ± 0.02
This Workc 0.10 ± 0.02 0.06 ± 0.01
Notes. (a) Based on a HARPS volume-limited sample by Sousa et al.
(2008). Occurrence-rate estimate is based on the IDEM method used
both in Howard et al. (2010) and Mayor et al. (2011). (b) Based on a
HARPS volume-limited sample by Sousa et al. (2008). Occurrence-rate
estimate is based on the SBM method. (c) Based on our sample of 693
stars. Occurrence-rate estimate is based on the SBM method.
Table 3. Qualitative comparison of recent n¯p estimates for periods be-
tween 1 and 100 days
Planetary n¯p Estimation n¯p
size range Method
Fulton et al. (2017) 2-4 R⊕ IDEM 0.37 ± 0.02
Hsu et al. (2019) 2-4 R⊕ ABC ∼ 0.41*
This Work 1-20 M⊕ SBM 0.36 ± 0.05
Notes. (*) Value deduced from Fig. 2. of Hsu et al. (2019).
4.1. Effects of stellar properties
The left panel of Fig. 3 depicts the effect of stellar metallicity
on planet occurrence rates. Below solar iron content, the SPOR
seems to be increasing with [Fe/H]. For higher [Fe/H], nothing
conclusive can be inferred because of the large uncertainties. We
repeated our analysis for different binning schemes to make sure
that the trends we report are not due to a specific arbitrary choice
of binning. Assuming our small-planet sample is equivalent to a
sample of transiting planets with radii smaller than 4R⊕, our re-
sults are also consistent with Kepler results (Petigura et al. 2018;
Zhu 2019).
The right panel of Fig. 3 shows the effect of stellar mass.
The figure suggests there might be a slight decrease in SPOR
with stellar mass. Previous works suggested similar trends based
on the dependence of the planet-radius distribution on the stellar
spectral type (Mulders et al. 2015). In a recent work compar-
ing Kepler’s planet occurrence rates in different ranges of planet
properties, between M- and FGK-dwarfs, Hsu et al. (2020) found
close agreement in planet occurrence rates when using an equiv-
alent insolation flux, suggesting stellar irradiance plays a signif-
icant role in planet evolution processes. However, the apparent
trend would be difficult to test with the current small sample.
4.2. Thin and thick disks
In this section, we give first estimates of the close-in SPOR in
the thin and thick disks of the Milky Way. We find the occurrence
rate in the two samples to be essentially identical: n¯p = 0.37+0.06−0.05,
Fp = 0.23 ± 0.04 in the thin disk; n¯p = 0.35+0.10−0.09, Fp = 0.24+0.07−0.06
in the thick disk.
As suggested above, it seems that both stellar metallicity and
(possibly) stellar mass affect planet occurrence rates. Most thin-
disk stars are rich in iron and more massive4 than thick-disk
stars. Consequently, putting aside metallicity effects, smaller
planets should be somewhat more easily detectable around thick-
disk stars as they are less massive compared to their thin-disk
counterparts. Figure 4 presents a normalised histogram of planet
detectability for thin-disk and thick-disk stars, which suggests
that planet detectability among thick-disk stars is higher than
that among thin-disk stars. This might introduce some bias that
may also explain Fig. 2 where most thick-disk stars also host
smaller planets than their thin-disk counterparts (however, see
Adibekyan et al. (2013) and Sousa et al. (2019)).
In Fig. 5 we have divided the [Fe/H]-[α/Fe] plane into four
regions by cutting at [Fe/H] = −0.25 dex (the expected iron-
content value where the thin-disk and thick-disk populations
start to diverge in α content; Adibekyan et al. 2012a), in addi-
tion to the separation between thin and thick disks we had found
with the GMM. We ignored a few stars whose affiliation was am-
biguous. In each of the four bins, we estimated n¯p and Fh sep-
arately. We also calculated the detectability-weighted means of
the stellar mass. In light of the division into the four regions, an
interesting trend emerges: there are no close-in small planets de-
tected around stars in the low-α region. This precludes a proper
estimation of n¯p, as is explained in Appendix A. However, adopt-
ing the value 0.36 for n¯p, the probability of obtaining zero planets
around every star in this bin is 10−4. According to the posterior
distribution of Fh, at a 95% confidence level Fh < 0.11, which
is significantly lower than the value quoted above for the whole
sample, namely of 0.23. In any case, the absence of any planets
around stars in this bin is a highly significant result, supporting
claims by Adibekyan et al. (2012a) and Adibekyan et al. (2012c).
This effect does not seem to be directly related to stellar mass as
there is no significant difference between the two regions in this
respect. In the iron-rich region, it seems that there is almost no
difference in the fraction of stars with planets between the thin-
and thick-disk (hαmr) samples, yet the current hαmr sample is
still too small to make any decisive conclusions.
4 This might be a selection bias in the sample: (i) metal-poor stars have
on average lower masses for a fixed B − V (Santos et al. 2003), and (ii)
as thick-disk stars are usually older, most massive stars (especially F-
type stars) have already evolved away from the main sequence while the
younger thin-disk stars have not.
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Fig. 3. Close-in (P < 100 days) small planet (Mp sin i < 30 M⊕) occurrence rates: average number of planets per star (n¯p) in green, fraction of stars
with planets (Fh) in magenta as a function of [Fe/H] (left panel) and stellar mass (right panel). The circle sizes represent the mean stellar mass of
the relevant bin.
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Fig. 4. Normalised histogram of planet detectability pS for thin-disk
(red) and thick-disk (blue) stars.
5. Discussion
This work is based on the recent release of almost all the HARPS
RV datasets by Trifonov et al. (2020). We used their HARPS-
RVBANK data and revisited previous estimates of the SPOR and
its relation to stellar properties and Galactic context.
Our results provide a first estimate of the SPOR in the solar
neighbourhood of the thin and thick disks of the Galaxy. Previ-
ous works in this field did not take into consideration the detec-
tion limits of each star in performing their planet occurrence-rate
calculations. We estimated SPOR in the range P = 1–100 days
and Mp sin i = 1–20 M⊕ (i.e. super-Earths and Sub-Neptune
planets) by applying a simplified Bayesian model (SBM).
We used SBM in order to correct the samples for incom-
pleteness and estimate the SPOR, but there are other possible
approaches. One popular approach is the Inverse Detection Ef-
ficiency Method (IDEM; e.g. Howard et al. 2012; Foreman-
Mackey et al. 2014). In this approach, one assigns a weight to
each detected planet in order to account for similar planets that
had not been detected. With the SBM approach we used, we
calculated the detection probability of planets (for a specified
range of period and mass) around each individual star. We then
divided the number of detected planets or planet-host systems by
the effective number of stars in the sample around which planets
could have been found. On the one hand, this approach is less
sensitive to errors in planet properties. Hsu et al. (2018) showed
that the occurrence rates computed using SBM agree with the
occurrence rates estimated using a full Bayesian model or an
approximated Bayesian computation (ABC) model, which they
eventually used themselves. On the other hand, it is important to
note that our assumption of log-uniform distributions in planet
period and Mp sin i might eventually result in overestimation of
the detection efficiency and thus underestimation of the occur-
rence rates.
The planet-host fraction we estimate is broadly consistent
with the results of the previous works of Howard et al. (2010)
and Mayor et al. (2011) which was also based on the HARPS
targets. However, it is important to note a few differences that
might affect our final results. Firstly, as our sample also includes
metal-poor stars of the HARPS-4 subsample (Santos et al. 2011),
the stars in our sample are on average more metal poor than the
stars in the sample of Mayor et al. (2011). Secondly, it seems
that the studies of Howard et al. (2010) and Mayor et al. (2011)
have both overestimated Fh (the fraction of stars with planets).
The probable reason is that when they applied the IDEM method,
they used the probability of detecting the ‘least detectable’ planet
(hence a higher weight) in a planetary system as the probability
of detecting at least one planet. Although less severe for giant
planets because of their low multiplicity rate, this overestimate
might significantly reduce the estimated fraction of stars with
lower-mass planets (Zhu 2019).
To put this in perspective, we repeated our analysis in a sim-
ilar parameter range to that of Howard et al. (2010) and Mayor
et al. (2011). We summarise our results and compare them in Ta-
ble 2 for similar period and mass ranges to those used by Howard
et al. (2010) and Mayor et al. (2011). Reassuringly, when we
used the HARPS volume-limited sample of Sousa et al. (2008),
the estimated occurrence rates using the IDEM method were
compatible with those of Mayor et al. (2011). However, when
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Fig. 5. Scatter plot of the stellar sample on the [α/Fe]-[Fe/H] plane (similar to Fig.1). Red circles represent thin-disk stars while blue circles
represent thick-disk stars. Close-in small planet-host stars are marked by black dots. The division into four regions is based on cutting at [Fe/H] =
−0.25 dex in addition to the division into thin and thick disks. For each region, we have marked the number and occurrence rates of detected
close-in small planets as well as the detectability-weighted means of the stellar mass sample.
we used the SBM method, the estimated fraction of stars with
planets was lower.
Another interesting comparison is between the SPOR in gen-
eral, and in a subsample of systems without an outer giant planet.
Having found no small candidate planet among 20 solar-type
stars known to host a single long-period giant planet, Barbato et
al. (2018) estimated the fraction of stars with low-mass planets
in the presence of an outer giant planet to be Fh < 0.10. Relying
on results from Mayor et al. (2011), Barbato et al., concluded
that the fraction of small planet-host stars with known outer gi-
ant planets is much lower than previous estimates of the frac-
tion of small planet-host systems in general. However, Barbato
et al. compared the two fractions in two different ranges of planet
properties. While Mayor et al. (2011) used the range of periods
shorter than 50 days and masses smaller than 30 M⊕, Barbato et
al. examined periods shorter than 150 days and masses in the
range 10–30 M⊕. These are two different ranges. Indeed, when
we repeat our estimates in a range similar to the one Barbato
et al. assumed, we find Fh = 0.07 ± 0.02, in agreement with
their upper limit, suggesting that the frequency of small planets
in systems with outer giant planets might be as common as, or
perhaps more common than (Zhu & Wu 2018; Bryan et al. 2019)
the frequency of small planets in any other systems.
As for the average number of planets per star, we find it to
be broadly consistent with recent Kepler works (Table 3), under
reasonable assumptions regarding the planetary mass–radius re-
lation (e.g. Bashi et al. 2017; Ulmer-Moll et al. 2019; Otegi et al.
2020). However, it is important to note that solar-type stars mon-
itored by Kepler reside in a different Galactic region (Galactic
latitudes b ∼ 5◦–20◦). Therefore, their metallicity distribution
might be different as compared to a volume-limited sample of
solar-type stars. This calls for extra caution when performing
such comparisons.
In general, the significant difference between our estimate of
the planet-host fraction and the average number of planets per
star allows us to estimate the known average number of plan-
ets per planetary system, that is, the average multiplicity (Zhu
2019). Our results suggest that the average multiplicity of close-
in small planets (the ratio n¯p/Fh) is ∼ 1.6, which implies that
stars tend to host more than one planet in that mass range.
Our results on the dependence of planet occurrence rates on
stellar [Fe/H] or mass (Fig. 3) suggest similar trends to those
found by previous studies using Kepler data (Mulders et al.
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2015; Petigura et al. 2018; Zhu 2019). It seems that there is a
metal content threshold under which the probability of form-
ing small and short-period planets is negligible ([Fe/H] < −0.8;
Mortier et al. 2016). This indeed may support current theories of
planet formation by solid accretion (Nimmo et al. 2018). Never-
theless, we find that in the most metal-rich regimes, the SPOR
seems to be lower than for solar metallicity. Previous works sug-
gested this effect might be a consequence of giant outer planets
perturbing the formation or survival of possible inner smaller
planets (Barbato et al. 2018; Zhu 2019). We cannot confirm this
hypothesis; instead, our results may hint that this effect is di-
rectly related to the higher stellar mass in metal-rich stars. An
alternative explanation might be related to the stellar irradiance
that might evaporate and reduce the planet mass, as was recently
suggested by Hsu et al. (2020). In summary, our results confirm
that the relations between stellar properties and SPOR seen in
the Kepler field of view also hold in the solar neighbourhood.
Due to the diverse metallicity and stellar mass distributions,
we conclude that although the occurrence rates in the thin and
thick disks are compatible, it is difficult at this stage to draw
any concrete conclusions about the effect of the Galactic con-
text on SPOR. Focusing on iron-poor stars (the two left seg-
ments in Fig. 5), our results suggest a significantly higher SPOR
among thick-disk stars as compared to thin-disk stars (see also
Adibekyan et al. 2012c). This result is not evident in the iron-rich
bins comparing thin-disk stars with hαmr stars.
As our sample includes both thin- and thick-disk stars with a
wide range of iron content and α-enhancement values, it is im-
portant to distinguish between stars according to the total heavy
element content. At a given [Fe/H], an α-enhanced star will con-
tain a higher fraction of metals. Consequently, one can argue that
the higher SPOR found in iron-poor thick-disk stars, as com-
pared to thin-disk stars, might be related to a higher fraction of
metals in thick-disk stars as compared to their thin-disk counter-
parts. To test this, we examined two separate properties instead
of metallicity: the iron content ([Fe/H]), which is usually used
as a proxy to the overall metallicity of a star, and the summed
mass fraction of all heavy elements (Z) assumed to be needed
for forming planets (Santos et al. 2017)5. We calculated the dis-
tribution of the detectability-weighted means of Z and found it
to be comparable in the iron-poor thin- (Z = 1.01 ± 0.09%) and
thick-disk (Z = 1.00 ± 0.13%) regions. Consequently, we may
argue that the significantly higher SPOR among thick-disk stars
as compared to thin-disk stars is not caused by a metallicity ef-
fect as one might suspect. Alternatively, this could suggest that
some elements are particularly relevant for planet formation.
As a final remark, we note that our analysis did not consider
the uncertainties in [Fe/H] and [α/Fe]. However, as those uncer-
tainties are small (less than 0.1 dex) for most stars, the results are
not expected to be dramatically affected.
Future works should extend this analysis to the Kepler sur-
vey, as was attempted by Bashi & Zucker (2019) based on analy-
sis of stellar kinematics and [Fe/H]. The recent release of LAM-
OST DR5, and data-driven methods such as for example the
Payne model (Xiang et al. 2019) that estimates the elemental
content of a large portion of Kepler field-of-view stars, will al-
low further analysis of planet occurrence rates in the Galactic
context. Furthermore, the growing sample of planets detected by
TESS will facilitate similar tests on a large all-sky sample of stars
and advance the study of exoplanets in the Galactic context.
5 We used the approximate relation suggested by Santos et al. (2017)
to estimate the value of Z in solar-neighbourhood stars using the abun-
dances of Mg, Si, and Fe.
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Table 1. Planet and host parameters for each of the 55 planets we identified. The table lists planet orbital period and Mp sin i, host-star parameters
mass, [Fe/H], [α/Fe] (Sousa et al. 2008; Adibekyan et al. 2012a; Delgado Mena et al. 2017), the Galactic affiliation probability PGal (i.e. probability
of affiliation to the thin disk PGal ∼ 1 or thick disk PGal ∼ 0), and PS planet detection probability.
Planet Name Period [days] Mp sin i [M⊕] Host Mass [M] [Fe/H] [α/Fe] PGal PS
HD 1461 b 5.77 6.44 1.04 0.19 0.02 0.99 0.65
HD 1461 c 13.51 5.19 1.04 0.19 0.02 0.99 0.65
HD 4308 b 15.56 15.89 0.87 −0.34 0.22 3.92 × 10−4 0.38
HD 10180 c 5.76 13.22 1.05 0.08 0.03 0.99 0.67
HD 10180 d 16.36 12.01 1.05 0.08 0.03 0.99 0.67
HD 10180 e 49.75 25.59 1.05 0.08 0.03 0.99 0.67
HD 13808 b 14.18 10.33 0.77 −0.20 0.07 0.99 0.42
HD 13808 c 53.83 11.55 0.77 −0.20 0.07 0.99 0.42
HD 16417 b 17.24 22.10 1.15 0.13 0.03 0.99 0.46
HD 20003 b 11.85 11.66 0.91 0.04 0.02 0.99 0.51
HD 20003 c 33.92 14.44 0.91 0.04 0.02 0.99 0.51
HD 20781 b 5.31 1.93 0.83 −0.11 0.06 0.99 0.85
HD 20781 c 13.89 5.33 0.83 −0.11 0.06 0.99 0.85
HD 20781 d 29.16 10.61 0.83 −0.11 0.06 0.99 0.85
HD 20781 e 85.51 14.03 0.83 −0.11 0.06 0.99 0.85
HD 20794 b 18.32 2.90 0.80 −0.40 0.27 6.02 × 10−7 0.74
HD 20794 d 90.31 5.20 0.80 −0.40 0.27 6.02 × 10−7 0.74
HD 21693 b 22.68 8.23 0.89 0.00 0.04 0.99 0.46
HD 21693 c 53.74 17.37 0.89 0.00 0.04 0.99 0.46
HD 21749 b 35.59 28.87 0.73 −0.02 0.08 0.96 0.30
HD 26965 b 42.38 8.47 0.77 −0.31 0.26 3.36 × 10−6 0.68
HD 31527 b 16.55 10.47 0.96 −0.17 0.05 0.99 0.81
HD 31527 c 51.21 14.16 0.96 −0.17 0.05 0.99 0.81
HD 39194 b 5.48 1.32 0.72 −0.61 0.28 4.03 × 10−7 0.84
HD 39194 c 13.81 2.32 0.72 −0.61 0.28 4.03 × 10−7 0.84
HD 39194 d 33.92 4.99 0.72 −0.61 0.28 4.03 × 10−7 0.84
HD 40307 b 4.31 4.10 0.73 −0.31 0.17 0.05 0.51
HD 40307 d 20.43 9.50 0.73 −0.31 0.17 0.05 0.51
HD 45184 b 5.89 12.19 1.00 0.04 0.03 0.99 0.41
HD 45184 c 13.14 8.81 1.00 0.04 0.03 0.99 0.41
HD 47186 b 4.08 19.25 1.03 0.23 0.04 0.98 0.22
HD 51608 b 14.07 12.77 0.86 −0.07 0.09 0.96 0.70
HD 51608 c 95.94 14.31 0.86 −0.07 0.09 0.96 0.70
HD 69830 b 8.67 10.20 0.86 −0.06 0.06 0.99 0.55
HD 69830 c 31.60 11.80 0.86 −0.06 0.06 0.99 0.55
HD 85512 b 58.43 3.60 0.70 −0.32 0.27 6.32 × 10−7 0.93
BD-08 2823 b 5.60 12.71 0.74 −0.06 0.05 0.99 0.19
HD 90156 b 49.77 17.98 0.86 −0.24 0.07 0.99 0.51
HD 96700 b 8.12 9.03 0.96 −0.18 0.05 0.99 0.63
HD 109271 b 8.07 10.01 1.06 0.10 0.00 0.99 0.36
HD 109271 c 30.94 24.15 1.06 0.10 0.00 0.99 0.36
HD 115617 b 4.21 5.11 0.92 −0.02 0.06 0.99 0.75
HD 115617 c 38.05 18.23 0.92 −0.02 0.06 0.99 0.75
HD 125595 b 9.67 13.13 0.78 0.08 0.09 0.86 0.35
HD 134060 b 3.27 10.1 1.07 0.14 0.00 0.99 0.62
HD 136352 b 11.58 4.81 0.87 −0.34 0.19 6.94 × 10−3 0.8
HD 136352 c 27.58 10.8 0.87 −0.34 0.19 6.94 × 10−3 0.8
HD 154088 b 18.60 6.15 0.94 0.28 0.08 0.64 0.64
HD 160691 d 9.64 10.55 1.13 0.30 0.01 0.99 0.17
HD 175607 b 29.01 8.98 0.75 −0.62 0.25 3.02 × 10−5 0.66
HD 176986 b 6.56 3.74 0.78 0.00 0.01 0.99 0.54
HD 176986 c 16.82 9.18 0.78 0.00 0.01 0.99 0.54
HD 192310 b 74.21 13.76 0.80 −0.04 0.09 0.93 0.72
HD 215152 d 10.86 2.80 0.76 −0.10 0.10 0.92 0.66
HD 215497 b 3.93 6.36 0.84 0.20 0.12 0.17 0.61
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Appendix A: Estimating the average number of
planets per star
Under the most simplistic assumptions, the number of planets
np around each star (within a range of planet/stellar properties),
would follow a Poisson distribution, with a rate parameter n¯p:
np ∼ Pois(n¯p) (Harremoës 2001). We have implicitly assumed
that different planets around the same star occur independently.
Although this should not be true in general, it is a common as-
sumption used in studies of the planet-occurrence rate (e.g. Ful-
ton et al. 2017; Hsu et al. 2018).
For the purpose of Bayesian inference, we can assign a con-
jugate prior to the rate parameter n¯p in the form of a gamma dis-
tribution (Raiffa & Schlaifer 1961) with shape parameter α0 and
rate parameter β0. The posterior distribution of n¯p would then
also be a gamma distribution with shape parameter α0 + Np and
rate parameter β0 + Neffs :
p(n¯p|Np,Neffs ) ∼ Gamma(α0 + Np, β0 + Neffs ) , (A.1)
where Np is the number of planets detected around stars in the
sample, and Neffs is the effective number of stars searched, which
is estimated as the sum of the planet detection probabilities of
all the stars: Neffs =
∑Ns
i=1 p
i
S (Hsu et al. 2018). Based on the LPA
formalism, we define the planet detection probability of a star by
the ratio between the area above its mass-detection-limit curve
and the total area of the rectangle of logarithmic planetary mass
and period (see the example in Fig. A.1).
For non-zero detection cases, we report in the main text the
posterior median and the 16%–84% confidence interval. How-
ever, it is quite informative to examine the resulting mean and
standard deviation of the posterior gamma distribution:
µn¯p =
α0 + Np
β0 + Neffs
, (A.2)
σn¯p =
√
α0 + Np
β0 + Neffs
. (A.3)
The minimal prior knowledge we can safely assume regard-
ing n¯p is that it is a positive real value. We wish to avoid impos-
ing any preferred scale on n¯p. The natural way to achieve this
is by using the log-uniform distribution. In principle, this distri-
bution requires specification of the upper and lower bounds of
its support that would still impose some arbitrary scale. Assum-
ing a lower bound of zero and no upper bound gives rise to a
log-uniform distribution over the set of positive reals, whose in-
tegral does not converge. It is thus an improper prior, which is
nevertheless commonly used in Bayesian inference, as long as
it is used cautiously, only as a prior distribution, and not over-
interpreted as a distribution in its own right (e.g. Taraldsen &
Lindqvist 2010). Fortunately, this improper distribution can also
be described as a gamma distribution with vanishing shape and
rate parameters α = β = 0, values that are not allowed for proper
gamma distributions. Therefore, we substitute in Eq. A.2 and
A.3 α0 = β0 = 0, which leads to quite intuitive final estimates:
the posterior mean is simply the ratio of the number of planets
detected to the effective number of stars around which planets
could have been found.
The formalism above, with the choice α0 = β0 = 0, fails
in the case of zero detections. The resulting shape parameter
of the posterior distribution would turn out to be zero, which
is not a permissible value for the shape parameter, as it leads to
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Fig. A.1. Mass–detection limit curve (calculated according to the LPA
method (Meunier et al. 2012) of the planetary system HD 20003 with
its two confirmed planets (Udry et al. 2019). We approximate the planet
detection probability for this star (pS = 0.48) as the ratio between the
area above its mass detection limit curve (white area) and the total area
of the rectangle in the period-mass range of 2–100 days and 1–20 M⊕.
a non-integrable posterior probability density function. The case
of zero detections poses a problem even for a simple, frequentist,
maximum-likelihood estimation, because the resulting Poisson
rate parameter would be zero, which is not permissible also for
Poisson distribution. Therefore, the case of zero detections calls
for a special treatment.
Appendix B: Estimating the fraction of stars with
planets
Under no additional assumptions, the probability of finding Nh
planet-hosting stars (within a specified range of planet/stellar
properties) among Ns stars can be assumed to follow a binomial
distribution: Nh ∼ B(Fh,Ns), where Fh is the fraction of stars
with planets (Harremoës 2001). The conjugate prior of a bino-
mial distribution is a beta distribution (Raiffa & Schlaifer 1961),
parameterized by the two shape parameters α˜0 and β˜0. The poste-
rior distribution for Fh will then be a beta distribution with shape
parameters α˜0 + Nh and β˜0 + Neffs − Nh:
p(Fh|Nh,Neffs ) ∼ Beta(α˜0 + Nh, β˜0 + Neffs − Nh) , (B.1)
where Nh is the number of planet-host stars in a sample.
Similarly, the resulting mean and standard deviation of the
posterior beta distribution of Fh are:
µFh =
α˜0 + Nh
α˜0 + β˜0 + Neffs
, (B.2)
σFh =
√
(α˜0 + Nh) · (Neffs − Nh + β˜0)
(Neffs + α˜0 + β˜0)2 · (Neffs + α˜0 + β˜0 + 1)
. (B.3)
The least restrictive prior for Fh is obviously a uniform distribu-
tion between 0 and 1, which is equivalent to a beta distribution
with α˜ = β˜ = 1. As is evident from Eq. B.2 and B.3, for suf-
ficiently large samples, where Nh,Neffs  1, the posterior mean
of the fraction of stars with planets can be conveniently approx-
imated as the ratio of the number of planet-host stars to the ef-
fective stellar sample size. Again, in the main text we report the
median and the 14%–86% confidence interval.
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